The possible contribution of NKT cells to resistance to Mycobacterium tuberculosis infection remains unclear. In this paper we characterized the V␣14 NKT cell population following infection with Mycobacterium bovis bacillus Calmette-Guérin (BCG). BCG infection determined an early expansion of V␣14 NKT cells in liver, lungs, and spleen, which peaked on day 8 and was sustained until day 30. However, an NK1.1 ؉ V␣14 NKT population preferentially producing IFN-␥ predominated at an early stage (day 8), which was substituted by an NK1.1 ؊ population preferentially producing IL-4 at later stages (day 30). Despite the fact that V␣14 NKT cell-deficient mice eliminated BCG as did control mice, they had significantly higher numbers of granulomas in liver and lungs. Additionally, while control mice developed organized small granulomas, those in V␣14 NKT-deficient mice had signs of caseation, large cellular infiltrates, and some multinucleated macrophages, suggesting that V␣14 NKT cells may actually work as anti-inflammatory cells by limiting excessive lymphocyte influx and tissue pathology. In agreement, we found an increased spontaneous production and mRNA expression of TNF-␣ in liver and lungs of V␣14 NKT-deficient mice, whose neutralization in vivo by anti-TNF-␣ mAbs consistently reduced the number of granulomas in liver and lungs. Together, our results support a regulatory role for V␣14 NKT cells in the course of BCG infection through their ability to limit the extent of inflammatory response and point to an important role for this cell subset as a regulator of the balance between protective responses and immunopathology.
P rotective immunity against mycobacterial infections is mediated by interactions between specific T cells and activated macrophage effector cells (1) . These populations interact with each other by means of a complex network of chemokines, cytokines, and their receptors. The exact role and relative importance of each of these mediators, however, are not completely understood and are even somewhat controversial, although IFN-␥ is thought to play a crucial role (2) (3) (4) .
Mycobacterium bovis bacillus Calmette-Guérin (BCG), 3 widely used as a human vaccine against tuberculosis, gives a poor or ambiguous protection to infection by Mycobacterium tuberculosis. The murine ␣␤ and ␥␦ T cell responses induced by BCG have been well defined (1, 5) , but there is less knowledge about the response of smaller T cell subsets.
NK T (NKT) cells are a heterogeneous population of T lymphocytes that express the NK1.1 molecule and comprise at least four different categories of T cells (6, 7) . Within NKT cells, the most abundant population expresses an invariant TCR ␣-chain encoded by the V␣14 and J␣281 gene segments and is usually double (i.e., CD4 and CD8) negative, although V␣14 NKT cells residing in the liver coexpress CD4 (8) . Stimulation of V␣14 NKT cells by anti-CD3 mAbs or the synthetic ligand ␣-galactosylceramide (␣-GalCer) in the context of CD1d promptly induces both IFN-␥ and IL-4 production (9 -11) .
V␣14 NKT cells in the liver of BCG-infected mice rapidly produce IFN-␥ (12) and play an important role in granuloma formation in response to phosphatidylinositol mannosides (PIMs) deproteinized cell wall from M. tuberculosis (13) . However, this does not seem to involve direct recognition of PIMs by the V␣14 TCR (14) . Furthermore, studies in CD1d-and J␣281-deficient mice, which selectively lack V␣14 NKT cells, failed to show any role for protection against M. tuberculosis or BCG (15) (16) (17) (18) (19) , although a recent study has reported that specific activation of NKT cells by ␣-GalCer protects mice from tuberculosis (20) .
In view of the lack of knowledge about the significance of the several possible actions of V␣14 NKT cells, we examined their functions during BCG infection using V␣14 NKT-deficient mice.
Materials and Methods

Mice
BALB/c and C57BL/6 mice were purchased from OLAC through Nossan (Correzzana, Italy). Generation of J␣281-deficient mice has been previously described (21) . Mice that lack the J␣281 gene segment are devoid of V␣14 NKT cells, but the other lymphoid cell lineages are intact (21) . Populations that are more heterogeneous at the genetic level were established by backcrossing heterozygotes to C57BL/6 or BALB/c mice for more than five generations. The resultant heterozygous mice were mated to obtain homozygotes (18) . Mice were fed and kept under specific pathogenfree conditions and were used at 8 -12 wk of age. In each experiment ageand sex-matched mice were used.
Bacteria and infection
BCG (strain Pasteur) was grown in Middlebrook 7H9 broth base (Difco, Detroit, MI) supplemented with 10% Bacto Middlebrook OADC enrichment (Difco) for 2 wk at 37°C, and aliquots were frozen at Ϫ70°C until used. The final concentration of viable bacteria was enumerated by plate counts of CFU with Middlebrook 7H11 agar (Difco) supplemented with 0.5% glycerol (Difco) and 10% Bacto Middlebrook OADC enrichment (Difco). Mice were infected i.v. with 5 ϫ 10 6 viable bacteria.
Preparation of mononuclear cells and flow cytometry
Single-cell suspensions were prepared from liver, lungs, and spleen according to previously published methods (22, 23) . Livers were minced, passed through a mesh, and washed in complete RPMI 1640 medium (Life Technologies, Grand Island, NY). Cells were resuspended in 30% Percoll (Amersham Bioscience Europe, Milan, Italy) containing 100 U/ml heparin and were centrifuged at 2000 rpm for 20 min at room temperature. The cell pellet was washed once in medium and then resuspended in cold distilled water for 20 s to lyse RBC by osmotic shock. After lysis, the cell suspension was diluted with NaCl solution and washed with complete RPMI 1640 medium containing 5% heat-inactivated FCS (Life Technologies). Lungs were removed and digested in the presence of collagenase (200 U/ml; Sigma-Aldrich, St. Louis, MO), and mononuclear cell suspensions were obtained through Lympholyte M (Cedarlane Laboratories, Ontario, Canada) gradient centrifugation. For the spleen, mononuclear cells were obtained by separation of total spleen cells on a Lympholyte M gradient. The viability of all mononuclear cell preparations, as determined by Trypan Blue exclusion, was Ͼ90%. Mononuclear cells (5 ϫ 10 5 ) obtained from various organs were incubated for 10 min on ice with PBS containing 5% BSA and 0.02% NaN 3 . After washing, cells were incubated with FITCconjugated anti-TCR␣␤ mAb (H57-597; Sigma), PerCP-Cy5.5-conjugated anti NK1.1 mAb (PK136; BD PharMingen, San Diego, CA), and PE-conjugated CD1d/␣-GalCer tetramers (24) or PE-conjugated unloaded CD1d as a control for the specificity of tetramer staining (24) . The specificity of tetramer staining was further verified by examining mononuclear cells from V␣14 NKT-deficient mice. Viable lymphocytes were gated by forward and side scatter, and analysis was performed on 100,000 acquired events for each sample. Data were acquired on a FACSCalibur instrument (BD Biosciences, Mountain View, CA) and were analyzed using CellQuest software (BD Immunocytometry Systems, San Jose, CA).
Immunomagnetic cell sorting
Enrichment for CD1d/␣-GalCer tetramer-positive cells was performed using anti-PE beads (Miltenyi, Bologna, Italy) as previously described (24) . In brief, nylon wool-enriched T cells were incubated with the tetramer for 15 min at 23°C, washed, and incubated with the appropriate amount of anti-PE microbeads. Magnetic separation was performed according to the manufacturer's instructions. The bead-nonadherent population contained Ͻ2% tetramer-positive cells, while the adherent population contained Ͼ90% positive cells, as determined by FACS staining with PE-labeledGalCer/CD1d tetramer and FITC-labeled anti-TCR␣␤ mAbs (24) . The viability of the cell population exceeded 90% as determined by trypan blue exclusion.
Cytokine production by ELISA
Immunomagnetically enriched, CD1d/␣GalCer tetramer-positive T cells (10 5 ) were cultured in a 96-well, flat-bottomed plate (Nunc, Copenhagen, Denmark) that had been precoated overnight with 10 g/ml of anti-TCR␣␤ mAb H57-597. After 48 h of culture, supernatants were harvested, and IL-4 and IFN-␥ concentrations were determined by a two-mAb sandwich ELISA (BD PharMingen). The lower limit of detection for each cytokine was 15 pg/ml. SD values were always Ͻ10% of the mean values. To assess spontaneous cytokine production, mononuclear cells obtained from liver and lungs as above described were cultured at 10 6 /ml in complete medium for 48 h at 37°C. Supernatants were then harvested, and IFN-␥ and TNF-␣ levels were assessed by ELISA (BD PharMingen).
Cytokine mRNA analysis by RT-PCR
Total RNA was extracted using the guanidinium thiocyanate/cesium chloride gradient centrifugation method. cDNA was synthesized with oligo(dT) (Amersham Pharmacia Biotech, Uppsala, Sweden) with reverse transcriptase using 10 g of RNA according to manufacturer's instructions. PCR was performed using a GeneAmp PCR system 9600 (PerkinElmer, Rome, Italy), using the following oligonucleotide primers: TNF-␣ sense, 5Ј-TCT CATCAGTTCTATGGCCC-3Ј; TNF-␣ antisense, 5Ј-GGGAGTAGACA AGGTACAAC-3Ј; IFN-␥ sense, 5Ј-GCTCTGAGACAATGAACGCT-3Ј; IFN-␥ antisense, 5Ј-AAAGAGATAATCTGGCTCTGC-3Ј; ␤ 2 -microglobulin sense, 5Ј-TGACCGGCTTGTATGCTATC-3Ј; and ␤ 2 -microglobulin antisense, 5Ј-CAGTGTGAGCCAGGATATAG-3Ј.
Each cycle (21) consisted of incubation at 92°C for 45 s, followed by 55°C for 30 s and 72°C for 30 s. Before the first cycle, a 2-min 94°C denaturation step was included, and after the 30th cycle the extension at 72°C was prolonged for 4 min. Aliquots (20 l) of PCR products were electrophoresed in 2% agarose and visualized using ethidium bromide staining as described. All gels were photographed similarly.
IL-4 detection by intracellular staining
Intracellular staining was used to determine IL-4 production at the singlecell level. Briefly, immunomagnetically enriched-CD1d/␣GalCer tetramerpositive T cells were stimulated with anti-TCR␣␤ or isotype-matched control mAb for 8 h at 37°C and were cultured for 5 h with brefeldin A (Sigma) to accumulate intracellular newly synthesized protein. Cells were harvested and fixed with 4% (w/v) paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were suspended and washed twice with permeabilization buffer containing 0.1% saponin (Sigma), 1% heat-inactivated FCS, and 0.1% NaN 3 in PBS. The permeabilized cells were then incubated in the presence of saponin with FITC-conjugated anti-mouse IL-4 mAb (11B11, rat IgG1; BD PharMingen) or an FITC-conjugated isotype control mAb (R3-34, rat IgG1; BD PharMingen) for 30 min at room temperature. After being washed at room temperature, the cells were analyzed by FACS as above described.
To identify the phenotype of the IL-4-producing cells, surface marker analysis was performed by staining the cells with PerCP-Cy5.5-conjugated anti-NK1.1 mAb.
RT-PCR analysis of TCR V␣14 expression
Mononuclear cells from different organs were obtained 30 days after BCG infection, stained with PE-labeled GalCer/CD1d tetramer, PerCP-Cy5.5-conjugated anti-NK1.1 mAb, and FITC-labeled anti-TCR␣␤ mAbs, and purified by cell sorting with a FACSVantage flow cytometer (BD Biosciences). The CD1d/␣-GalCer tetramer-positive TCR␣␤ ϩ NK1.1 Ϫ population was harvested, RNA was extracted using the guanidinium thiocyanate/cesium chloride gradient centrifugation method, and cDNA was synthesized as described above. PCR was performed with a GeneAmp PCR system 9600 (PerkinElmer) using V␣14 (5Ј-CTAAGCACAGCACGCTG CACA-3Ј) and C␣ (5Ј-GAAGCTTGTCTGGTTGCTCCA-3Ј) oligonucleotide primers. ␤ 2 -Microglobulin sense and antisense primers were used as controls. Each cycle (25) consisted of incubation at 94°C for 60 s, followed by 54°C for 60 s and 72°C for 30 s. Before the first cycle, a 2-min 94°C denaturation step was included. After 30 cycles, 20-l aliquots of each PCR product were electrophoresed in 2% agarose and visualized using ethidium bromide staining as described above. All gels were photographed similarly.
Determination of CFUs in organs of mice
Mice were infected i.v. with BCG and were killed by cervical dislocation 1, 15, 30, or 45 days after infection. CFU counts were determined by plating serially diluted homogenates on Middlebrook 7H10 agar plates supplemented with 0.5% glycerol and 10% Bacto Middlebrook OADC enrichment. CFUs were determined after 4 wk of incubation at 37°C.
Histology
BCG-infected mice were killed by cervical dislocation 40 days after infection. The livers and lungs were removed immediately, fixed with 10% formalin for 12 h, and embedded in paraffin. Several tissue sections were deparaffinized and stained with H&E. In some experiments mice were injected i.v. with 0.25 mg of neutralizing anti-TNF-␣ mAb (MP6-XT3, rat, IgG1; BD PharMingen) or rat IgG1 as a control on the same day of BCG infection and again every week.
Statistics
Student's t tests were used to compare the significance of differences between groups.
Results
Phenotypic and functional properties of V␣14 NKT cells during BCG infection
In the first set of experiments we investigated functional modifications of V␣14 NKT cells during i.v. infection with BCG. To assess this, livers, lungs, and spleens of C57BL/6 mice were harvested 8 and 30 days after BCG infection, mononuclear cells were separated, and the relative percentages and absolute numbers of V␣14 NKT cells were calculated by FACS staining with CD1d/ ␣-GalCer tetramers and anti-TCR␣␤ mAb. Despite a decrease in the percentages of V␣14 NKT cells in liver, lungs, and spleen after BCG infection (Fig. 1a) , their absolute number consistently increased, with a peak 8 days after infection. Although a very low number of V␣14 NKT cells was detected in the lungs of control uninfected mice (0.3 Ϯ 0.1 ϫ 10 5 ), V␣14 NKT cell number had increased ϳ6-fold (1.7 Ϯ 0.4 ϫ 10 5 ) 8 days after infection. The number of V␣14 NKT cells then declined, although values remained higher than controls (Fig. 1b) .
Changes in the percentage and absolute numbers of V␣14 NKT cells during BCG infection were paralleled by modifications in their phenotype and functional properties. As shown in Fig. 2a , expression of NK1.1 by V␣14 NKT cells was strongly modified during BCG infection. While the vast majority of V␣14 NKT cells in control mice are NK1.1 ϩ , only 25% of V␣14 NKT cells tested at 30 days after BCG infection expressed NK1.1. To confirm that the NK1.1 Ϫ cells appearing in the late phase of infection were indeed V␣14 NKT cells, the tetramer-positive TCR␣␤ ϩ NK1.1 Ϫ population was sorted, and V␣14 expression was assessed by RT-PCR. As shown in Fig. 2b , expression of the V␣14 gene was detected in the CD1d/␣-GalCer tetramer-positive TCR␣␤ ϩ NK1.1 Ϫ population, appearing 30 days after BCG infection, indicating that these cells are V␣14 NKT cells. Additionally, a modification in the pattern of cytokine production was also found (Fig.  2c) . Upon in vitro stimulation with immobilized anti-TCR␣␤ mAb, enriched V␣14 NKT cells from control mice produced much more IFN-␥ than IL-4, and V␣14 NKT cells from mice infected 8 days earlier with BCG showed increased production of IFN-␥. Conversely, V␣14 NKT cells from mice that had been infected with BCG 30 days earlier showed increased production of IL-4, which was particularly evident for V␣14 NKT cells taken from liver and lungs, and they produced as much IFN-␥ as that produced by V␣14 NKT cells from control mice.
However, because the late-appearing V␣14 NKT cell population consisted of both NK1.1 ϩ and NK1.1 Ϫ cells, we used intracellular FACS staining to demonstrate that the latter were producing IL-4. Fig. 2d shows that within CD1d/␣-GalCer tetramer-positive cells obtained from liver, spleen, and lungs 30 days after BCG infection, the vast majority of NK1.1 Ϫ cells stained positively for IL-4 after 8-h stimulation with anti-TCR␣␤ mAb in vitro, while virtually no staining for this cytokine was detected within the NK1.1 ϩ population.
Together, these results clearly indicate that infection with BCG causes an early (8 day) expansion of NK1.1 ϩ V␣14 NKT cells with a predominant production of IFN-␥, while at later stages of infection (day 30) V␣14 NKT cell expansion involves an NK1.1 Ϫ population that produces IL-4.
BCG CFU in V␣14 NKT-deficient and control mice
To determine the impact of V␣14 NKT cells on the resistance of mice to BCG infection, we compared the viable bacterial counts in livers, lungs, and spleens between V␣14 NKT-deficient and wildtype C57BL/6 mice. As shown in Fig. 3 , the trend of BCG infection was similar in the lungs, but slightly different in the liver and spleen. However, no statistically significant differences in CFU counts were apparent in any organ between the V␣14 NKT-deficient and wild-type mice. These results suggest that V␣14 NKT cells do not play any role in the outcome of BCG infection in C57BL/6 mice.
Granuloma formation in V␣14 NKT-deficient and control mice infected with BCG
We examined the development of granulomas in livers and lungs of BCG-infected, NKT-deficient and control mice, since their presence at the site of microbial growth is considered essential for local containment and elimination of pathogenic mycobacteria. The numbers of granulomas detected in liver and lungs of V␣14 NKTdeficient mice were significantly higher than those in control mice (Fig. 4) . Additionally, while in livers (Fig. 5 ) of control mice, organized small granulomas were observed on day 40 after BCG infection, granulomas developing in V␣14 NKT-deficient mice contained a necrotic center with signs of caseation, large cellular infiltrates surrounding granulomas, and some multinucleated macrophages. As shown in Figs. 4 and 5, similar data were obtained in V␣14 NKT-deficient C57BL/6 and BALB/c mice, although control BALB/c mice developed granulomas with perigranulomatous infiltration and some necrotic centers, which were not seen in control C57BL/6 mice. Similar differences between V␣14 NKT-deficient and control mice were obtained in granulomas developing in 
Increased spontaneous IFN-␥ and TNF-␣ production in tissues of BCG-infected V␣14 NKT-deficient mice
IFN-␥ and TNF-␣ are two important cytokines for granuloma formation. We therefore assessed the production of both cytokines in liver and lungs of mice infected with BCG. To this end, liver and lungs were removed 40 days after BCG infection, and mononuclear cell suspensions were prepared and cultured in the absence of any stimulation. Supernatants were then collected, and IFN-␥ and TNF-␣ levels were measured by ELISA. Additionally, IFN-␥ and TNF-␣ mRNA levels were determined by semiquantitative PCR analysis. Fig. 6a shows that mononuclear cells obtained from liver and lungs of BCG-infected V␣14 NKT-deficient mice spontaneously produced ϳ3-fold more TNF-␣ than BCG-infected control mice, with TNF-␣ levels being higher in lungs than in liver. Although IFN-␥ levels were also increased in the liver and lungs of BCGinfected V␣14 NKT-deficient mice, differences from the values detected in control mice were not statistically significant.
ELISA data were confirmed by IFN-␥ and TNF-␣ mRNA analysis by semiquantitative PCR analysis (Fig. 6b) , showing increased expression of TNF-␣ mRNA in liver and lungs of BCGinfected V␣14 NKT-deficient mice.
To prove that the exaggerated production of TNF-␣ in NKTdeficient mice was causative of granuloma formation, we treated NKT-deficient and control C57BL/6 mice with neutralizing Abs against TNF-␣ and measured the number of granulomas in liver and lungs 40 days after BCG infection. Fig. 7 shows that treatment FIGURE 5. Histopathological findings of the livers 40 days after infection with BCG (see Fig. 3 ). Original magnification, ϫ400. The arrow indicates the presence of a multinucleated giant cell (MN), which is better depicted in the small box. FIGURE 6. IFN-␥ and TNF-␣ production in tissues of BCG-infected NKT-deficient mice. NKT-deficient and control C57BL/6 mice were infected i.v. with BCG, and liver and lungs were removed 40 days later. a, Mononuclear cell suspensions were prepared and cultured in the absence of any stimulation. Supernatants were then collected, and IFN-␥ and TNF-␣ levels were measured by ELISA. f, Control mice; Ⅺ, NKT-deficient mice. b, IFN-␥ and TNF-␣ mRNA levels were also determined by semiquantitative PCR analysis as described in Materials and Methods. Lines 1 and 3, Livers and lungs from control mice, respectively; lines 2 and 4, livers and lungs from NKT-deficient mice, respectively. Similar results were obtained in two additional experiments with five mice per group.
with anti-TNF-␣ mAb significantly reduced the number of granulomas in liver and lungs of both NKT-deficient and control mice, strongly indicating that this cytokine was responsible for granuloma formation in NKT-deficient and control mice.
Together, these results clearly indicate that the absence of V␣14 NKT cells induces a stronger inflammatory response in the liver and lungs upon BCG infection, as demonstrated by increased granuloma formation and TNF-␣ production.
Discussion
In this paper we have studied the role played by V␣14 NKT cells during BCG infection in mice. The results reported here clearly show that the absolute number of V␣14 NKT cells increased in liver, lungs, and spleen and reached a peak 8 days after infection, which was sustained until 30 days after infection. Although a very low number and percentage of V␣14 NKT cells were detected in the lungs of uninfected mice, kinetics similar to those observed in liver and lungs were detected after BCG infection.
Several studies have reported similar early expansion of V␣14 NKT cells in different experimental infection models, such as Leishmania major (26) , Plasmodium yoelii (27) , Cryptococcus neoformans (28) , and Toxoplasma gondii (29) . Additionally, early V␣14 NKT cell recruitment at sites of inflammation was caused by injection of glycolipid extracts from M. tuberculosis (13) and Yersinia pseudotuberculosis (30) . These observations suggested a regulatory role for V␣14 NKT cells in addition to other subsets of NKT cells in the early host defense against infection, although their contributions might be distinct among infectious pathogens.
An increase in the number of V␣14 NKT cells in the lungs, liver, and spleen of BCG-infected mice might be due to the expansion of resident V␣14 NK⌻ cells, the recruitment of V␣14 NK⌻ cells from other anatomical locations, or both. IL-15 is known to act as a major growth factor for V␣14 NKT cells, because mice deficient in IL-15R␣ or IL-2/IL-15R␤ lack such cells (31) . In the present study we did not examine the expression of this cytokine at the site of infection and its contribution to the increase in V␣14 NKT cells. Thus, the first mechanism remains open for further study. In contrast, migration of V␣14 NKT cells into the lungs is a plausible mechanism, as revealed by the pivotal role played by MCP-1 in the recruitment of NK cells to the lungs infected with C. neoformans (28) . In addition, macrophage inflammatory protein-2 has been recently demonstrated as a chemoattractant for these cells (32) . Finally, it is possible that other chemokines, including monocyte chemoattractant proteins-2 and -3, macrophage inflammatory protein-1␣, RANTES, inducing protein-10, and lymphotactin, which are important in the trafficking of NK cells (33) , may also act on V␣14 NKT cells. Accordingly, in humans most V␣14 NKT cells express receptors for inflammatory chemokines, such as CCR2, CCR5, and CXCR3 (34) .
A major difference between our findings and the results discussed above is that in most infection models, early V␣14 NKT cell expansion declines sharply, usually within 10 days after infection, while after BCG infection, the expansion of V␣14 NKT cells in different organs is sustained, and V␣14 NKT cell numbers higher than those in control mice are detectable 30 days after infection. Moreover, a dramatic change in both the phenotype and the pattern of cytokine production is observed at later stages after BCG infection. As shown in Fig. 2 , the vast majority of V␣14 NKT cells at 30 days after infection are NK1.1 Ϫ and preferentially produce IL-4, while those at early points after infection (day 8) express NK1.1 and preferentially produce IFN-␥. It is possible that the 30-day expanding V␣14 NKT population has lost NK1.1 expression because of activation (24) . Alternatively, BCG could induce the expansion of an NK1.1 Ϫ population of V␣14 NKT cells, which has been shown to preferentially produce IL-4 (35) . Finally, the NK1.1 Ϫ V␣14 NKT population expanding 30 days after BCG infection might represent recent thymic emigrants, which are known to acquire NK1.1 expression once recruited in tissues and are biased to IL-4 production (36) .
Despite the lack of V␣14 NKT cells, mice were as resistant to BCG as their control littermates, thus confirming previous studies of primary M. tuberculosis infection in CD1d-deficient mice (15) . However, the numbers of granulomas detected in the liver and lungs of V␣14 NKT-deficient mice were significantly higher than those in control mice (Fig. 4) . In addition, while in control mice, organized small granulomas were observed on day 40 after BCG infection, granulomas developing in V␣14 NKT-deficient mice contained a necrotic center with signs of caseation, large cellular infiltrates surrounding granulomas, and some multinucleated macrophages. Similar findings in V␣14 NKT-deficient C57BL/6 and BALB/c mice exclude the possibility that the reported differences might be due to background genes.
We interpret these findings as indicating that an exaggerated inflammatory response develops in the organs of V␣14 NKT-deficient mice, and consequently, we suggest the possibility that V␣14 NKT cells may actually work as anti-inflammatory cells by limiting excessive lymphocyte influx and tissue pathology. In agreement with this possibility, we found increased spontaneous production and mRNA expression of TNF-␣ in liver and lungs of V␣14 NKT-deficient mice, while the production of IFN-␥ was not substantially different from that in control mice. Moreover, treatment of NKT-deficient mice with a neutralizing mAb against TNF-␣ consistently reduced the number of granulomas in liver and lungs, strongly indicating that this cytokine is the cause of the observed exaggerated inflammatory response.
The protective role of TNF-␣ in mycobacterial infections has been well established in experimental models (37, 38) . The cytokine can exert a number of effects. TNF-␣ facilitates extravasation of monocytes and T cells from the blood and directs their migration to the infected site (39) . TNF-␣ is necessary for the accumulation and organization of monocytes, macrophages, and lymphocytes into well-differentiated granulomas (37) (38) (39) . In addition, TNF-␣ activates T cells and fosters differentiation of dendritic cells for enhanced IL-12 production and Ag presentation (40) . Finally, TNF-␣ may also directly activate macrophages to control the growth of and/or kill the intracellular mycobacteria (40) .
In addition to these protective effects, TNF-␣ has detrimental effects (41) . With regard to our results, the extents of inflammation and cellular recruitment to a site of mycobacterial infection are determined by the level of TNF-␣, with a high dose of this cytokine determining a more severe inflammatory response. Particularly in the presence of low amounts of TNF-␣, the granulomas remain small and clearly distinct from the rest of the lung. These granulomas consist of lymphocytes and macrophages. In contrast, in the presence of high amounts of TNF-␣, the granulomas enlarge extensively and contain large macrophages and many lymphocytes (41) .
Thus, TNF-␣ appears to regulate the granulomatous response, resulting in smaller and better differentiated granulomas at low doses, while high levels of TNF-␣ lead to an overwhelming inflammatory response despite successful control of the growth of infecting mycobacteria.
In a recent paper (20) treatment of mice with the V␣14 NKT ligand ␣GalCer was shown to improve protection from M. tuberculosis. Interestingly and in agreement with the results reported here, the inflammatory lesions in the lungs of ␣GalCer-injected mice contained larger macrophage infiltrates with greater numbers of lymphocytes, without any significant modification of IFN-␥ production.
What is the reason for the increased inflammatory response in the absence of V␣14 NKT cells? One possibility, and the one we favor, is that V␣14 NKT cells accumulating at sites of infection with BCG at later stages produce IL-4, which, in turn, may limit TNF-␣ production and the consequent cell influx. Thus, in the absence of V␣14 NKT cells, TNF-␣ production and cell influx at sites of infection are consistently increased. Although we did not measure IL-10 production by NKT cells, we cannot actually exclude a possible role played by NKT-derived IL-10. Therefore, further study is needed to define the molecular mechanisms of the anti-inflammatory activity of NKT cells during BCG infection.
V␣14 NKT cells have been implicated in the suppression of immune responses directed toward autoantigens (42) , foreign Ags introduced in immune-privileged sites (43) and tumor Ags (44) . Moreover, specific stimulation of V␣14 NKT cells with ␣-GalCer suppresses Th1-mediated autoimmune diseases such as type 1 diabetes (45, 46) and experimental autoimmune encephalomyelitis (47) in mice. Our results also support a regulatory role for V␣14 NKT cells in the course of BCG infection through their ability to limit the extent of the inflammatory response. Therefore, although our data tend to exclude an involvement of V␣14 NKT cells in the elimination of mycobacteria, they rather point to an important role for this cell subset as a regulator of the balance between protective responses and immunopathology.
